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Astroglia, the most abundant glial cells in the mammalian central nervous system (CNS), are considered an
emerging key player in seizure induction and progression. Although astrocytes undergo reactive gliosis in tem-
poral lobe epilepsy (TLE) with dramatic morphological and molecular changes, specific astrocyte targets/molec-
ular pathways that contribute to the induction and progression of seizure remain largely unknown. By combining
translating ribosomal affinity purification (TRAP)with the pilocarpinemodel of TLE in BAC aldh1l1 TRAPmice,we
profiled translating mRNAs from hippocampal or cortical astrocytes at different phases (3 days, 30 days, and
60 days post-pilocarpine injections) of pilocarpine-induced epilepsymodels. Our results found that hippocampal
(but not cortical) astrocytes undergo early and unique molecular changes at 3 days post-pilocarpine injections.
These changes indicate a potentially primary pathogenic role of hippocampal astrocytes in seizure induction
and progression and provide new insights about the involvement of specific astrocytic pathways/targets in epi-
lepsy. In particular, we validated expression changes of ocrl and aeg1 in pilocarpinemodels. Follow-up studies on
these genes may reveal new roles of hippocampal astrocytes in TLE.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

A significant portion (~30%) of temporal lobe epilepsy (TLE) remains
the most intractable form of epilepsy (Kwan et al., 2011). Although the
exact underlying mechanisms of TLE remain largely uncharacterized,
astroglial cells, the most abundant glial cells in the mammalian central
nervous system (CNS), have been considered an emerging key player
in seizure induction and progression (Clasadonte et al., 2013;
Clasadonte and Haydon, 2012; Steinhauser et al., 2015). Astrocytes
have been considered essential components of functional synapses
(Halassa andHaydon, 2010) and significantlymodulate synaptic signal-
ing through diverse mechanisms (Allen and Barres, 2009). By
employing pilocarpine-induced (and other) rodent TLE models that
are highly isomorphic with human TLE (Curia et al., 2008), previous
studies have shown that astrocytes undergo dramatic changes in mor-
phology (Borges et al., 2006; Clasadonte et al., 2013), protein expres-
sion, and calcium signaling (Borges et al., 2003; Borges et al., 2006;
Ding et al., 2007) following pilocarpine-induced status epilepticus
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(SE). Expression levels of astrocyte-enriched enzymes adenosine kinase
(ADK) and glutamine synthetase (GS) are closely associated with ab-
normal hyperexcitability and seizure duration (Boison, 2012; Coulter
and Eid, 2012). Our recent in vivo study also showed that the selective
disruption of vesicular release of transmitters from astrocytes delayed
seizure onset and attenuated the progressive development of TLE and
its pathophysiological consequences including seizure occurrence, hip-
pocampal damage and behavioral deficits (Clasadonte et al., 2013).

Gene profiling has been considered anunbiased approach to identify
new pathways/targets for understanding pathogenic mechanisms of
neurological injuries/diseases. However, it has been challenging to pin-
point cell type-specific molecular changes by conventional gene profil-
ing with the use of whole brain regional tissue samples, as brain
regional tissues are composed with multiple cell types and all these
cells undergo specific and uniquemolecular changes and are all typical-
ly involved in pathogenesis of neurological diseases. Recently, several
cell-type specific gene profiling approaches have been developed
(Heiman et al., 2008; Sanz et al., 2009). In particular, the translating ri-
bosomal affinity purification (TRAP) approach allows cell-type specific
tagging of ribosomes (by expressing an eGFP-fused ribosomal L10 sub-
unit) and subsequent isolation of ribosome-bound mRNAs (Heiman
et al., 2008). Astrocyte-specific TRAP isolation of mRNA from BAC
aldh1l1 TRAP mice and subsequent profiling has been previously per-
formed to characterize the molecular heterogeneity between cortical
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and cerebral astrocytes (Doyle et al., 2008). We and others have also
validated that the aldh1l1 genomic promoter activity is essentially re-
stricted in astrocytes in the CNS (Cahoy et al., 2008; Yang et al., 2011).

In the current study, we characterized molecular changes of hippo-
campal and cortical astrocytes using the TRAP approach in the
pilocarpine-induced epilepsy model. Our results provide astrocyte-
based molecular insights that are associated with seizure induction
and progression, which ultimately help understand pathogenic roles
of astrocytes in human TLE.

2. Materials and methods

2.1. Animals, drug administration and seizure classification

BAC aldh1l1 TRAP mice (mixed FVB/C57BL6 genetic background)
were obtained from the GENSAT project through The Jackson Laborato-
ry (BarHarbor,ME). Adultmale BAC aldh1l1 TRAPmice (6–8weeks old)
were used for all experiments. Thirty minutes before the injections of
pilocarpine, methylscopolamine (a muscarinic antagonist, Sigma) was
administered intraperitoneally (1 mg/kg) to reduce adverse, peripheral
effects of pilocarpine.Micewere then intraperitoneally injectedwith re-
peated low-doses of pilocarpine hydrochloride (a muscarinic agonist,
100 mg/kg; Sigma) every 20 min until onset of status epilepticus (SE)
characterized by continuous tonic-clonic seizures. Ninety minutes
after the onset of SE, diazepam (4 mg/kg; Hospira) was administered
subcutaneously to reduce seizure activity. Mice that did not develop
SE after the fourth injection of pilocarpine were used as controls for
EEG monitoring. After SE, all animals were intraperitoneally injected
with lactated ringer and fedwith soaked rodent food. The seizure sever-
ity was scored according to the scale of Racine (2): (score 0) no signs of
motor seizure activity; (score 1) immobility, rigid posture; (score 2) re-
petitive movements, head bobbing; (score 3) severe seizures with rear-
ing without falling; (score 4) severe seizures with rearing and falling,
running and jumping, loss of righting ability; (score 5) SE characterized
by continuous tonic-clonic seizures.

2.2. Video-EEG monitoring of seizure

The electrographic features of spontaneous recurrent seizures
(SRSs) were analyzed with a video-EEG monitoring system (Pinnacle
Technology) as previously described (Clasadonte et al., 2013). Two
days after SE, mice were anaesthetized with isoflurane and placed into
a stereotaxic frame. Skull surface was exposed and four insulated wire
electrodes (Cooner Wire) were placed and screwed as follows: two
extradural cortical electrodes were inserted bilaterally in the frontal
areas and the two others were inserted bilaterally in the parietal
areas. Electrodes connected to a microconnector (Pinnacle Technology)
were secured at the surface of the skull with dental acrylic. After sur-
gery, mice were intraperitoneally injected with buprenorphine
(0.08 mg/kg) and lactated ringer, fed with soaked rodent food and
allowed to recover for 2 days before recording. Freely moving mice
were placed into individual Plexiglass circle boxes (Pinnacle Technolo-
gy) and theirmicroconnectors plugged to anEEG preamplifier (Pinnacle
Technology). The electrical signal was filtered (pass-band, 1–100 Hz),
digitized at 200Hz and acquiredwith a computer-based system (Pinna-
cle Technology). Mice were considered epileptic when more than two
SRSs were observed. To detect seizures, EEG recordings were automati-
cally screened with SleepSign for Animal software on the basis of 4 s
epochs and analyzed using a fast Fourier power spectral analysis
(FFT). Power was analyzed in five frequency bands: delta (1–4 Hz),
theta (4–8 Hz), alpha (8–13 Hz), beta (13–30 Hz) and gamma (30–
40Hz). An electrographic seizurewas characterized byhigh EEG activity
(see Fig. 1E and F). The detection of each seizure was visually confirmed
using video recording. EEG interictal spikeswere clearly distinguishable
from baseline EEG activity by their repetitive occurrence, large ampli-
tude and sharp morphology (see Fig. 1E). In few cases, spikes with
amplitudes that saturated the amplifier inputs occurred. They were al-
ways associated with movement artifacts and excluded from the analy-
sis. Spike counting was performed with Spike2 software (CED).

2.3. Tissue collection, translating ribosome affinity purification of mRNA

Cortex and hippocampus were freshly dissected from sham or
pilocarpine-injected SE-inducing BAC aldh1l1 TRAP mice. The sham
mice that received methylscopolamine and diazepam, but not pilocar-
pine were used as controls in TRAP isolation, microarray and immuno-
staining. Ribosomal bound translating mRNAs from astrocytes in these
regions were extracted using immunoprecipitation procedures, as pre-
viously described (Heiman et al., 2008). Briefly, the anti-eGFP antibody
(mouse clone HtzGFP-19C8, Memorial Sloan Kettering Cancer Center)
was coupled to magnetic beads (Dynabeads, Invitrogen) as described
in the kit instructions. Tissue lysates were prepared and mixed with
eGFP antibody-coupled beads for immunoprecipitation. Following im-
munoprecipitation, RNA was isolated using the Trizol reagent and pre-
cipitated with isoproponal. The total RNA from the cortex tissue was
isolated using the standard Trizol reagent. For each region, two inde-
pendent TRAP isolations (duplicates) were performed from separate
shamor SE-inducing BAC aldh1l1 TRAPmice. The TRAP isolation typical-
ly yields 500 pg–50 ng RNA from cortex and hippocampus regions. Pre-
pared RNA was then converted to cDNA using the high archive cDNA
synthesis kit (Applied Biosystems, Foster city, CA). QRT-PCR was per-
formed using specific primers with Syber-Green dye. Primers for
mouse glt1, gfap, ocrl, aeg1, and β-actin were chosen from the
PrimerBank (http://pga.mgh.harvard.edu/primerbank/). β-Actin was
used as an endogenous control to normalize RNA amount in QRT-PCR.

2.4. Microarray hybridization and bioinformatic analysis

TRAP isolated RNA was lineally amplified (200 pg to 10 ng RNA as
input) and labeled in a Nugene protocol. Sample labeling and hybridiza-
tion with Mouse Exon 1.0 ST chips (Affymetrix) were performed in the
Johns Hopkins University microarray facility. Affymetrix power tools
(APT) software package along with MoEx-1_0-st-v1.r2 annotations
were used to process the CEL files for the samples. The expression
level, measured by the fluorescence unit, for all probe sets that were
mapped to known RefSeq transcripts were calculated and used for fur-
ther analysis. The Limma and eBayes library in R were used for linear
modeling and to calculate the differentially expressed genes (DEGs)
for each region at each time point between sham and seizure samples.
Genes with background expression values (b4 fluorescence units) in
all samples, were filtered out. In the subsequent analysis only those
genes that showed at least a fold change (FC) of 2 with a p-
value b 0.01 were considered significant DEG.

We generated two datasets from themicroarray results. One dataset
represents total significant expression changes between sham and
seizure-inducing samples at each region and each time point (Supple-
mentary Table 1). Another dataset represents uniquely significant ex-
pression changes between sham and seizure-inducing samples at each
region and each time point (Supplementary Table 3). These gene ex-
pression changes in a given region/time point are non-overlapping
with changes from other regions/time points. We also performed longi-
tudinal analysis of significantly changed genes across different time
points at hippocampus and cortex. We specifically analyzed genes that
show linear downward (FC3 days N FC30 days N FC60 days) or upward
(FC3 days b FC30 days b FC60 days) change patterns.We employed Ingenuity
Pathway Analysis program (http://www.ingenuity.com/) to categorize
gene functions and characterize canonical pathways that are signifi-
cantly changed in each region/time point. For significantly changed
genes in dataset, we also calculated the percentage of genes in each
functional category from the total annotated genes in IPA (Fig. 3F–G,
Fig. 4A–F). Genes that are not functionally annotated in the IPAwere ex-
cluded in the calculation.

http://pga.mgh.harvard.edu/primerbank/
http://www.ingenuity.com


Fig. 1. Behavioral and electrographic features of pilocarpine-induced SE in BAC aldh1l1 TRAPmice (A) Schematic diagram of the pilocarpine model of epilepsy and EEGmonitoring in BAC
aldh1l1 TRAP mice. (B) Seizure-related behavior induced by pilocarpine injections in BAC aldh1l1 TRAPmice determined by the Racine scale. N = 16mice. (C) Percentage of BAC aldh1l1
TRAP mice that developed and survived SE following pilocarpine injections. A total number of 37 mice were injected and analyzed in 7 cohorts (3–8 mice/cohort). (D) Kaplan-Meier
analysis of the appearance time of the first SRS after pilocarpine-induced SE in BAC aldh1l1 TRAP mice (dashed line; n = 4). Note that control (no SE) BAC aldh1l1 TRAP mice did not
develop SRSs (solid line; n = 4). (E) Representative EEG recordings from control (no SE) and SE survivor mice. SE mice exhibited typical interictal spikes (middle trace) and SRSs
(lower trace) several days after pilocarpine injections whereas no SE control mice (upper trace) were free of interictal spikes or seizure activity. (F) Representative EEG spectral power
in no SE control (n = 4) and SE survivor BAC aldh1l1 TRAP mice during spontaneous recurrent seizures (16 seizures from 4 mice).
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2.5. Immunohistochemistry and microscopy

Animals were anesthetized with ketamine/xylazine (100 mg/kg,
10 mg/kg) and perfused with 4% PFA and fixed overnight, then trans-
ferred to 30% sucrose before frozen in OCT-Compound Tissue-Tek. Cor-
onal sections (20 μm) were cut using a cryostat and mounted on
SuperFrost + glass slides. Sections were washed with PBS three times
and treated with blocking buffer (1% BSA, 5% goat-serum, 0.2% Triton
X-100 in PBS) for 1 h at room temperature. Primary antibodies for
GLT1 (1:2000, a gift from Dr. Jeffrey Rothstein, Johns Hopkins Universi-
ty), AEG1 (1:100, Novex biotechnology), OCRL (1:100, NeuroMab, UC
Davis), and GFAP (1:500, Calbiochem) in blocking buffer were incubat-
ed overnight at 4C. Slices were washed with PBS three times before
adding the corresponding secondary antibody (1:2000) in blocking
buffer for 2 h at room temperature. Sections were rinsed with PBS
three times before mounting with FluoroGold medium containing
DAPI (Invitrogen). All images were obtained with a fluorescent micro-
scope (Zeiss AXIO Imager with ApoTome).
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2.6. Statistical analysis

The difference between multiple (N2) groups was analyzed by one-
way ANOVA followed by a Student-Newman-Keuls (SNK) post-hoc
multiple comparisons. Data are shown as mean ± SEM.

3. Results

3.1. Pilocarpine injections induce status epilepticus (SE) and spontaneous
recurrent seizures (SRSs) in BAC aldh1l1 TRAP mice

Repetitive pilocarpine injections inmice induce SE followed by SRSs,
which partially recapitulate key features of human TLE (Curia et al.,
Fig. 2. Progression of interictal spikes and SRSs following pilocarpine-induced SE in BAC aldh1l1
aldh1l1 TRAPmice during 30 days after SE induction (n=4). (B) Average number of seizures pe
of epilepsy, indicated by the vertical dash line, represents the period of time between initial SE a
BAC aldh1l1 TRAPmice during 30 days (in 5-day blocks) following SE (64 seizures from 4mice).
test.
2008). As eGFP-tagged ribosome subunit L10 is selectively expressed
in astrocytes of BAC aldh1l1 eGFPmice, we first determined the dynam-
ics of SE induction and development of SRSs in these mice. The overall
experimental timeline for pilocarpine injections and subsequent EEG
monitoring is shown in Fig. 1A. Following up to four successive injec-
tions of low-dose pilocarpine (100mg/kg, every 20min), seizure sever-
ity was scored using the Racine scale every 5 min following the first
injection of pilocarpine until the beginning of SE (characterized by con-
tinuous tonic-clonic seizures). SE was then stopped with a subcutane-
ous injection of diazepam (4 mg/kg) 90 min following SE onset. Mice
generally reached SE 112.18± 8.86min (n= 16) following the first pi-
locarpine injection (Fig. 1B). By using this protocol, we observed
80.10 ± 8.53% SE induction (SE, Fig. 1C) in a total of 37 (7 cohorts of 3
TRAPmice. (A) The total number of interictal spikes per day (×102) in representative BAC
r day in BAC aldh1l1 TRAPmice during 30 days after SE induction (n=4). The latent phase
nd the occurrence of the first SRS. Average seizure duration (C) and seizure severity (D) in
**, p b 0.01 calculated from one-way repeatedmeasures ANOVA followed by SNK post-hoc



319J. Clasadonte et al. / Neurobiology of Disease 91 (2016) 315–325
to 8 mice per cohort) BAC aldh1l1 TRAP mice, among which 60.48 ±
10.48% of mice survives SE (SE survivors, Fig. 1C). Mice that did not
enter SE (No SE, Fig. 1C) were used as controls for EEG monitoring.

To monitor the occurrence of SRSs following SE induction, cortical
electrodes were implanted in SE survivor and control mice. Electroen-
cephalogram (EEG) changes were continuously monitored for 26 days.
We observed a latent phase without electrographic seizures that lasted
6.75 ± 0.48 days in all examined SE survivor mice (n= 4, Figs. 1D, 2B).
Despite the lack of electrographic seizures during the latent phase, SE
survivor mice displayed frequent EEG interictal spikes (Figs. 1E, 2A).
After the latent phase, frequent occurrence of spontaneous recurrent
seizures was observed in SE survivor mice (Fig. 1E). Spontaneous EEG
seizures were typically exemplified by high-voltage amplitude oscilla-
tions (Fig. 1E, F). These seizures occurred in clusters in BAC aldh1l1
TRAP mice (Fig. 2B), consistent with our previous observation
(Clasadonte et al., 2013).While the duration of seizures remained stable
over 30 days after SE induction (Fig. 2C), we observed that their severity
Fig. 3. TranslatingmRNA profiling in hippocampal and cortical astrocytes of BAC aldh1l1 TRAPm
TRAP isolation in BAC aldh1l1 TRAPmice. (B) Representative images of ALDH1L1 immunostain
eGFP fluorescence and ALDH1L1 immunoreactivity. Scale bar: 100 μm;Venndiagrams highlight
(C), 30 days (D), and 60 days (E) following pilocarpine-induced SE; distribution of major fu
astrocytes at 30 days (F) or 60 days (G). Ingenuity Pathway Analysis (IPA) program was use
were excluded.
increased progressively during the first 3 weeks after SE induction
(Fig. 2D), suggesting a deteriorating seizure condition on these mice.
Neither interictal spikes nor seizures were detected in sham control
TRAPmice (Fig. 1D–F). Together, these results demonstrate that pilocar-
pine injections efficiently induce SE followed by SRSs in BAC aldh1l1
TRAP mice, providing an excellent model to investigate the global mo-
lecular changes in astrocytes in TLE.

3.2. Global changes of astroglial gene expression during different phases of
the pilocarpine model of TLE

Astrogliosis is a characteristic pathological feature in TLE, in which
astrocytes exhibit dramatic morphologic and molecular changes
(Borges et al., 2006). Previous studies have found that astrocytes con-
tribute to the development of TLE in the pilocarpine model
(Clasadonte et al., 2013). As we and others have shown, successive pilo-
carpine injections induce not only initial brain damage during an acute
ice following pilocarpine-induced SE. (A) Schematic diagram of pilocarpine injections and
ing in cortex and hippocampus of BAC aldh1l1 TRAP mice. Arrows indicate overlap of L10-
ing shared gene expression changes between hippocampal and cortical astrocytes at 3 days
nctional categories of SE-induced co-changed genes between hippocampal and cortical
d to annotate gene functions. Note that genes that have no functional annotation in IPA
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SE phase, but also a long-term chronic phase characterized by the occur-
rence of SRSs (Borges et al., 2006; Clasadonte et al., 2013; Curia et al.,
2008; Dudek and Staley, 2011). Whether astrocytes undergo specific
molecular changes during different phases of epileptogenesis has not
been investigated. In addition, both cortex and hippocampus are patho-
logically affected regions in human TLE (Das et al., 2009; Goncalves
Pereira et al., 2005), however, region-specific molecular changes in cor-
tical and hippocampal astrocytes remains essentially unknown in TLE.
To determine global and unique gene expression changes in cortical
and hippocampal astrocytes at different phases of epileptogenesis, we
decided to focus on 3 days (acute phase), 30 days (early chronic
phase), and 60 days (chronic phase) following pilocarpine injections
for astrocyte TRAP isolation and gene profiling analysis (Fig. 3A). We
only performed TRAP isolation on SE-exhibiting BAC aldh1l1 TRAP
mice following pilocarpine injections. Previous ALDH1L1 immunostain-
ing in astrocytes has been largely focusing on cortical tissues, we then
performed ALDH1L1 immunostaining on cortex and hippocampus of
BAC aldh1l1 TRAP mice. As shown in Fig. 3B, we found almost complete
overlap between eGFP-fused L10 fluorescence and ALDH1L1 immuno-
reactivity (white arrows) in both cortex and hippocampus, confirming
that the eGFP-L10 is indeed specifically expressed in astrocytes in
these regions.

Ribosome-boundmRNAswere isolated following immunoprecipita-
tion of eGFP-tagged ribosomes at each indicated time point from cortex
or hippocampus of sham- or pilocarpine-injected BAC aldh1l1 TRAP
mice. Isolated mRNAs were then profiled using the microarray hybridi-
zation (see Materials and methods for details). Previous studies have
demonstrated the effective enrichment of astrocyte genes and the spec-
ificity using the TRAP approach (Doyle et al., 2008; Heiman et al., 2008;
Higashimori et al., 2013). Because ribosomes are assembled and bind to
mRNAs only when mRNAs undergo active translation, immunoprecipi-
tation of eGFP-tagged ribosomes (through L10 subunit) thus primarily
isolates translatingmRNAs, instead of the totalmRNAs. Overall differen-
tially expressed genes (DEGs, fold changes N 2, p b 0.01) between sham
and pilocarpine (SE-inducing) injections from either cortical or hippo-
campal astrocytes at each time point were identified and summarized
in Supplementary Table 1. Although the number of DEGs from hippo-
campal astrocytes between sham and pilocarpine injections at each
Fig. 4. Functional annotations of genes that are significantly and uniquely changed in hippoc
Distribution of major functional categories of genes that are uniquely changed in hippocamp
genes that are uniquely changed in hippocampal (C) or cortical (D) astrocytes at 30 day
hippocampal (E) or cortical (F) astrocytes at 60 days; N.F.: not found. Ingenuity Pathway Analy
time point remains quite constant (387 at 3 days, 413 at 30 days, and
403 at 60 days), the number of DEGs from cortical astrocytes between
sham and pilocarpine at each time point increases gradually from
3 days (197) to 30 days (282) to 60 days (419), leading to an increased
overlap of co-changed genes between hippocampal and cortical astro-
cytes from acute to chronic phases (3 days: 22; 30 days: 71; 60 days:
129), as indicated in the Venn diagrams (Fig. 3C–E) and Supplementary
Table 2. This suggests that hippocampal astrocytes undergomore global
and dramatic molecular changes than that in cortical astrocytes in the
latent phase (3 days) following pilocarpine-induced SE, while
pilocarpine-induced cortical gene expression changes were more prev-
alent at much later chronic phase (60 days). This interesting difference
in the timing of pilocarpine-induced gene expression changes between
hippocampal and cortical astrocytes implies that earlymolecular chang-
es in hippocampal astrocytes during the latent phase of epilepsy
(Fig. 2B) are likely to alter astrocytic properties and contribute to the
subsequent development of SRSs. In contrast to the hippocampus, the
delayed cortical gene expression changes at later phases of epilepsy
(30 days and 60 days) are more likely to be a result of the progressive
development of SRSs (Fig. 2B).

To understand what astrocyte functions are altered during different
phases of epileptogenesis, we characterized the functional category of
DEGs in hippocampal and cortical astrocytes between sham and SE-
exhibiting mice and performed pathway analysis using the IPA pro-
gram. We first determined functional properties of genes that are co-
changed betweenhippocampal and cortical astrocytes in response topi-
locarpine. Because of the small number of co-changed genes at 3 days
(22 genes, Fig. 3C), we decided to focus primarily on 30 days (71 co-
changed genes, Fig. 3D) and 60 days (129 co-changed genes, Fig. 3E)
time points. At 30 days, top co-changed functional categories between
cortical and hippocampal astrocytes are enzyme, transporter, mem-
brane receptor, transcription regulators and peptidase (Fig. 3F). At
60 days, broader categories of co-changed genes were observed
(Fig. 3G), including kinases and ion channels, as a result of increased
number of co-changed genes between hippocampal and cortical astro-
cytes (Fig. 3E). The detailed functional categories of these genes are
also summarized in the Supplementary Table 2. Notably, a significant
portion (~40%) of genes were not assigned to any functional category
ampal or cortical astrocytes of BAC aldh1l1 TRAP mice following pilocarpine-induced SE.
al (A) or cortical (B) astrocytes at 3 days. Distribution of major functional categories of
s. Distribution of major functional categories of genes that are uniquely changed in
sis (IPA) program was used to annotate gene functions.



Table 1
Top canonical pathways from hippocampal and cortical astrocytes at 3 days or 60 days.

p-Value Genes involved in top
canonical pathways and their
expression changes (log2)

Cortex 3 days
Leukocyte extravasation signaling 6.11 × 10−3 EZR (−2.608), MMP17

(2.279), PTK2B (2.663), RAC2
(2.157). THY1 (2.220)

L-Cysteine degradation II 6.17 × 10−3 CTH (−3.301)

Cysteine
biosynthesis/homocysteine
degradation

1.23 × 10−2 CTH (−3.301)

Granulocyte adhesion and
diapedesis

1.39 × 10−2 EZR (−2.608), MMP17
(2.279), PTK2B (2.663), THY1
(2.220)

Fcγ receptor-mediated
phagocytosis in macrophages
and monocytes

1.87 × 10−2 EZR (−2.608), PTK2B (2.663),
RAC2 (2.157)

Hippocampus 3 days
Superpathway of D-myo-inositol
(1,4,5)-triposphate metabolism

3.75 × 10−4 INPP1 (−2.029), INPP5F
(−2.092), OCRL (−2.050),
PTEN (−2.021)

D-Myo-inositol (1,4,5)
triphosphate degradation

2.14 × 10−3 INPP1 (−2.029), INPP5F
(−2.092), OCRL (−2.050)

D-Myo-inositol (1,4,5)
triphosphate biosynthesis

2.51 × 10−3 INPP5F (−2.092), OCRL
(−2.050), PTEN (−2.021)

Dolichyl-diphosphooligosaccharide
biosynthesis

7.16 × 10−3 ALG5 (−2.416), DPM2 (2.556)

UDP-N-acetyl-D-galactosamine
biosynthesis II

7.16 × 10−3 GALE (2.121), UAP1 (−3.103)

Cortex 60 days
Triacylglycerol biosynthesis 3.38 × 10−4 DGAT (2.380), ELOVL6

(3.326), LPCAT4 (2.452),
PLPPR4 (2.124)

DNA double-strand break repair by
non-homologous end joining

9.83 × 10−3 LIG4 (4.587), NBN (−2.090)

Glutamate removal from folates 1.09 × 10−2 GGH (−2.054)
Telomere extension by telomerase 1.13 × 10−2 NBN (−2.090), TNKS (11.113)
Glutamate receptor signaling 2.19 × 10−2 GNG2 (2.343), GRIA1 (2.567),

GRIN2B (3.327)

Hippocampus 60 days
IL-9 signaling 4.06 × 10−3 BCL3 (2.573), SOC2 (27.94),

SOCS3 (−2.104)
Methylglyoxal degradation VI 1.01 × 10−2 LDHD (2.231)
Aldosterone signaling in epithelial
cells

1.55 × 10−2 DNAJC10 (2.154), DNAJC14
(2.062), DNAJC16 (2.032),
ICMT (2.074), ITPR2 (−2.235)

Gap junction signaling 1.59 × 10−2 CAV1 (4.668), CSNK1G1
(2.383), GUCY1A3 (−2.200),
ITPR2 (−2.235), TUBA8
(2.633)

Alanine degradation III 2.01 × 10−2 GPT (−2.409)
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(named as “other”) due to the incomplete annotation in IPA program,
despite IPA has the most comprehensive annotation of gene functional
categories.

We next determined functional properties of genes that are signifi-
cantly and specifically changed in hippocampal or cortical astrocytes
at each time point of epileptogenesis (3 days, 30 days, and 60 days fol-
lowing pilocarpine-induced SE). These genes represent SE-induced
uniquely changed genes in either hippocampal or cortical astrocytes at
each time point (Supplementary Table 3), thus revealing important
phase specific epilepsy-relevant pathways. Interestingly, we found
that majority of uniquely changed genes in hippocampal (Fig. 4A) but
not cortical (Fig. 4B) astrocytes at 3 days post-SE are down-regulated,
suggesting a potentially significant loss-of-function of hippocampal as-
trocytes, such as reduction of enzymes, transporters, and transcriptional
regulators, in the acute latent phase of epilepsy (Supplementary
Table 4). During the progression of SRSs (30 days to 60 days post-SE,
Fig. 2B), increased number of these uniquely and significantly changed
genes are up-regulated in both hippocampal and cortical astrocytes
(Fig. 4C–F), implying a global shift in astrocyte properties during the
chronic phase of epilepsy. Subsequent pathway analysis using IPA fur-
ther identified top canonical pathways that were significantly changed
in hippocampal or cortical astrocytes at each time points during
epileptogenesis, as summarized in Table 1.

3.3. Molecular changes of hippocampal astrocytes during the acute latent
phase of epilepsy provide potentially important pathways for the subse-
quent development of SRSs

To investigate the similarity of SE-induced gene expression changes
in hippocampal (or cortical) astrocytes at different phases of epilepsy,
we calculated similarity index of SE-induced significant gene expression
changes between different time points (3 days vs. 30 days, 3 days vs.
60days, and30 days vs. 60days) in either hippocampal or cortical astro-
cytes (Fig. 5A–B).

We first identified SE-induced significantly changed genes that are
overlapped (overlapped genes) between different time points (3 days
vs. 30 days, 3 days vs. 60 days, and 30 days vs. 60 days) from either hip-
pocampal or cortical astrocytes. Among these overlapped genes, we
then identified genes that are changed in same direction (either up-
or down-regulation). The similarity index was calculated by dividing
the number of genes changed in the same direction by the number of o-
verlapped genes at each pair of time point comparison. We further car-
ried out a two-sample, two-tailed z-test to determine the statistical
significance of the similarity index between a given comparisons.
Based on this calculation, we found high similarity index values for all
comparisons (3 days vs. 60 days: SI = 0.91; 3 days vs. 30 days: SI =
0.84; 30 days vs. 60 days: SI = 0.90) of cortical astrocyte gene expres-
sion changes (Fig. 5A). In contrast, for hippocampal astrocyte gene ex-
pression changes (Fig. 5B), we found that similarity index values
between 3 days and 60 days or 30 days are very low (SI = 0.062,
SI = 0.2, respectively), while the similarity index value between
30 days and 60 days is significantly higher (SI = 0.66, p b 0.0001)
than SIs between 3 days vs. 60 days or 3 days vs. 30 days. These interest-
ing results clearly indicate that pilocarpine-induced SE elicits a unique
set of significantly changed genes in hippocampal astrocytes at 3 day
phase, which are almost completely different from gene expression
changes in hippocampal astrocytes at later time points. In contrast, SE-
induced molecular changes in cortical astrocytes are largely similar
across all three different phases of epilepsy (acute 3 day, early chronic
30 day, and chronic 60 day phases, Fig. 5A).

Given the uniquely significant changes of hippocampal astrocytes
during the latent phase (3 days) of epilepsy, we performed hierarchical
clustering of significantly changed genes at this time point to illustrate
important functional categories, such as ion channels, transporters, ki-
nases, and transcription regulators (Fig. 5C–F, Supplementary Table 4).
In addition to the dysfunction of K+ buffering by astrocytes in human
TLE (Bedner et al., 2015; Steinhauser et al., 2015), we found altered ex-
pression of several voltage-gated potassium channels, of which were
down-regulated (kcna4, kcnc1, kcnq3), while others were up-regulated
(kcnc4, kcnd1) (Fig. 5C). How these channels are involved in TLE is cur-
rently unclear. We also found that transporters were globally down-
regulated in the hippocampal astrocytes 3 days post-SE, including im-
portant membrane carrier members (slc35a1, slc38a2, slc4a2, and
slc9a6) (Fig. 5D). Genes that are involved in intracellular signaling (ki-
nases, Fig. 5E) and downstream transcriptional regulators (Fig. 5F)
also undergo dramatic changes. As these gene expression changes in
hippocampal astrocytes appeared during the latent phase of epilepsy
before the occurrence of SRSs, these changes provide potentially impor-
tant candidate targets/pathways that may contribute to the progressive
development of SRSs.We further performed longitudinal analysis of sig-
nificantly changed genes across different time points. We particularly
analyzed linear upward (FC3 days b FC30 days b FC60 days) or downward
(FC3 days N FC30 days N FC60 days) genes (Supplementary Table 5).
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Interestingly, we found that expression changes of potassium channels,
especially the ones that are significantly changed in latent phase
(3 days) of hippocampal astrocytes, are highly dynamic longitudinally
in hippocampus (Fig. 5G–H); while there are very few potassium chan-
nels that are significantly changed in cortex during latent phase and
their expression changes are largely constant across different time
points (except kcnc1, Fig. 5I–J). Given the important roles of potassium
channels inmaintaining astrocyte restingmembrane potential and buff-
ering synaptically released K+, changes of these potassium channels at
early latent phase may alter neuronal excitability in the pilocarpine
model.

Our pathway analysis from uniquely changed genes at each region/
time point identified significantly changed D-myo-inositol triphosphate
metabolic pathways in hippocampal astrocytes at 3 days post-SE
Fig. 5. Longitudinal comparison of significantly changed genes in hippocampal or cortical ast
expressions in cortical (A) or hippocampal (B) astrocytes across different time points followin
same direction changed genes with the number of overlapped genes at each pair of time poin
16/19; 30 days vs. 60 days: SI = 0.90, 20/22; hippocampus: 3 days vs. 60 days: SI = 0.0620,
tailed two-proportion z-test was carried out to determine the statistical significance betwee
value = 0.80; between 3 days vs. 60 days and 30 days vs. 60 days: p = 0.90, z-value =
Hippocampus: between 3 days vs. 60 days and H3 vs. H30: p = 0.086, z-value = 1.7; between
30 days and 30 days vs. 60 days: p b 0.00010, z-value = 4.2; heatmaps of SE-induced change
hippocampal astrocytes at 3 days post-SE. Legend for the heatmaps indicates the expression le
potassium channels in hippocampal astrocytes between sham and SE across different time
astrocytes across different time points. *, significantly changed (fold change N 2, p b 0.01) betw
(Table 1). Among genes involved in this pathway,we are particularly in-
terested in the gene ocrl that is significantly down-regulated in hippo-
campal astrocytes at 3 days post-SE. The ocrl gene encodes a
phosphatidylinositol 4,5-bisphosphate (PIP2)-5-phosphatase that con-
vert PIP2 to phosphatidylinositol 4-phosphate (PI4P) (Zhang et al.,
1995), is involved in actin polymerization and its deficiency causes
Lowe syndrome (Zhang et al., 1995). Interestingly, a prescribed anti-
epilepsy drug valproic acid (VPA) is able to reduce PIP2 production,
which has been considered one of the anti-epileptic mechanisms for
VPA (Chang et al., 2012). In addition, we are also interested in SE-
induced changes of astrocyte elevated gene 1 (aeg1) in 3 day hippocam-
pal astrocytes. The aeg1 gene is a well-established oncogene that pro-
motes tumor growth (Brown and Ruoslahti, 2004). It also has a
significant role in lipid homeostasis (Robertson et al., 2015).
rocytes of BAC aldh1l1 TRAP mice following pilocarpine-induced SE. Comparison of gene
g pilocarpine-induced SE. The similarity index was calculated by dividing the number of
t comparison. Cortex: 3 days vs. 60 days: SI = 0.91, 34/37; 3 days vs. 30 days: SI = 0.84,
2/32; 3 days vs. 30 days: SI = 0.20, 8/39; 30 days vs. 60 days: SI = 0.66, 32/48; a two-
n comparisons. Cortex: between 3 days vs. 60 days and 3 days vs. 30 days: p = 0.43, z-
0.10; between 3 days vs. 30 days and 30 days vs. 60 days: p = 0.57, z-value = 0.60.
3 days vs. 60 days and 30 days vs. 60 days: p b 0.001, z-value = 5.3; between 3 days vs.
s of ion channels (C), transporters (D), kinases (E), and transcriptional regulators (F) in
vels (fluorescence units, log2 converted). The downward (G) and upward (H) changes of
points; the downward (I) and upward (J) changes of potassium channels in cortical
een sham and SE at that time point.
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To validate SE-induced expression changes of ocrl and aeg1 in hippo-
campal astrocytes, we performedQRT-PCR using TRAP isolated translat-
ing mRNA from hippocampus of BAC aldh1l1 TRAP mice 3 days
following sham or pilocarpine injections. We decided to only focus on
acute phase (3 days) of hippocampal astrocyte gene expression changes
for validation, as this time point represents early and uniquely interest-
ing changes, based on our analysis above. As positive controls, we also
determined expression of two other astrocyte specific genes, glutamate
transporter glt1 and structural protein gfap, which is known to be al-
tered in human and experimental TLE and consequently used as molec-
ular hallmarks of the disorder (Borges et al., 2006; Coulter and Eid,
2012; Steinhauser et al., 2015). As shown in Fig. 6A–D, we found a sig-
nificant (p = 0.014) decrease of glt1 mRNA levels and significant in-
crease of gfap (p = 0.018), ocrl (p = 0.005), and aeg1 (p = 0.004)
mRNA levels. To determine changes of protein levels of these genes,
we also performed their immunostaining. As shown in Fig. 6E, we
found significantly diminished GLT1 immunoreactivity in hippocampal
Fig. 6.QRT-PCR and immunostaining validation of SE-inducedmolecular changes in hippocamp
(A), gfap (B), ocrl (C), and aeg1 (D) translating mRNA in hippocampal astrocytes of sham an
calculated from the Student's t-test). (E) Representative images of GLT1 immunostaining in hip
Scale bar: 100 μm. Representative images of GFAP (F), OCRL (G), and AEG1 (H) immunostainin
Scale bar: 500 μm in (F, G) and 50 μm in (H).
dentate gyrus of pilocarpine-injected mice. Interestingly, dentate gyrus
has been considered the gate for incoming excitability for the hippo-
campus (Heinemann et al., 1992; Hsu, 2007), thus the GLT1 reduction
may compromise the gating functions of dentate gyrus. In contrast,
GFAP immunoreactivity was globally increased in the hippocampus of
pilocarpine-injected mice (Fig. 6F). These results are consistent with
partial human TLE pathological studies, especially in the condition of
hippocampal sclerosis (Das et al., 2012; Mathern et al., 1999; Proper
et al., 2002). Interestingly, while the QRT-PCR results indicated that
ocrlmRNA levelswere significantly increased in hippocampal astrocytes
of pilocarpine-injected mice (Fig. 6C), OCRL immunoreactivity was sig-
nificantly decreased in the hippocampus of pilocarpine-injected mice,
especially at CA2/3 regions (indicated with white arrows). This discrep-
ancy in the changes of ocrlmRNA and OCRL protein levels is not uncom-
mon, given multiple post-transcriptional mechanisms often exist in
regulating protein expression levels. Consistentwith our QRT-PCR anal-
ysis that showed an increased in aeg1mRNA at 3 days post-SE (Fig. 6D),
al astrocytes of BAC aldh1l1 TRAPmice 3 days post-pilocarpine injections. The levels of glt1
d pilocarpine-injected mice at 3 days post-injections (n = 3 mice/group, p values were
pocampal dentate gyrus of sham and pilocarpine-injected mice at 3 days post-injections.

g in hippocampal sections of sham and pilocarpine-injected mice at 3 days post-injections.
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weobserved an increase in AEG1 immunoreactivity in the dentate gyrus
of pilocarpine-injected mice (Fig. 6H). These QRT-PCR and protein im-
munostaining further demonstrated expression changes of GLT1,
GFAP, OCRL, and AEG1 in pilocarpine models.

Although we only examined protein and mRNA changes of selected
candidate genes, our profiling results, especially the interesting early
changes in hippocampal astrocytes during the latent phase, provide
multiple new clues for understanding astroglia-based pathways in pro-
moting seizure development, which will be investigated in future
studies.

4. Discussion

In the current study, we performed gene profiling of hippocampal
and cortical astrocytes at different phases of epileptogenesis. By com-
bining TRAP approach with the pilocarpine model of TLE in BAC
aldh1l1 TRAP mice, our results selectively isolated translating mRNAs
fromastrocytes in a region-specificmanner, thus allowing identification
of potentially specific molecular changes in astrocytes that are associat-
ed with the progressive development of SRSs. This is advantageous in
that it is astrocyte specific (or enriched) and focuses on translating
mRNAs (not totalmRNAs) that aremore likely to reflect changes in pro-
tein levels. Consequently, it is also conceivable that astrocyte molecular
changes from our current study may not necessarily agree with previ-
ously characterized changes. Nonetheless, these datasets provide po-
tential new insights into the roles of astrocyte pathways/targets in the
etiology of human TLE.

Although it is known that astrocytes typically undergo reactive
gliosis in TLE, which specific astrocyte targets/molecular pathways con-
tribute to the progression of the disorder, remains largely unknown.
Astrocyte-mediated regulation of excitatory neurotransmitter gluta-
mate uptake and metabolism has been considered one of the central
astrocyte-dependent pathway that may contribute to the development
of human and experimental TLE (Coulter and Eid, 2012; Ortinski et al.,
2010). Previous studies have found reduced protein levels of GLT1 and
GS, two important proteins involved in the ambient glutamate homeo-
stasis, in hippocampal tissues isolated from patients and rodents with
TLE (Steinhauser et al., 2015). Recent studies have further characterized
involvement of astrocyte-based KCC2, NKCC1 in the seizure develop-
ment (Campbell et al., 2015; Pallud et al., 2014; Robel et al., 2015). It
is becoming increasingly evident that (astro)glia is capable of driving
abnormal neuronal activity and contributes to seizure development
(Robel and Sontheimer, 2015). Here our translating mRNA profiling
aimed to characterize new molecular changes in hippocampal or corti-
cal astrocytes at different phases of the pilocarpinemodel of TLE. Impor-
tantly, our gene profiling results found that hippocampal astrocytes
undergo early and widespread changes 3 days post-pilocarpine injec-
tions. These changes are also unique from changes that occur at later
time points during the chronic phase of epilepsy. Our profiling results
suggest that an initial precipitating injury, such as pilocarpine-induced
SE (or human hippocampal sclerosis), not only alters neuronal proper-
ties, but also induces significant molecular changes in hippocampal as-
trocytes during the early latent stage, which could collectively
contribute to the onset of SRSs. In contrast,molecular changes of cortical
astrocytes were progressive and highly similar across different time
points following pilocarpine-induced SE (Fig. 5A), suggesting that corti-
cal astrocytes are less likely to contribute to the onset of SRSs. Instead,
these cortical astrocyte molecular changes could be a consequence of
the repetitive occurrence of seizures.

In particular, we validated significant changes of OCRL and AEG1 in
hippocampal astrocytes of pilocarpine-injected mice. Interestingly,
both OCRL and AEG1 are involved in the regulation of lipid metabolism
(Robertson et al., 2015; Zhang et al., 1995) which has been closely asso-
ciated with epileptogenesis (Cole-Edwards and Bazan, 2005; Lima et al.,
2015). In addition, AEG1 has been shown to transcriptionally repress
EAAT2 (human analog of rodent GLT1) expression and increase
glutamate excitotoxicity which promotes glioma-induced neurodegen-
eration (Lee et al., 2011). Follow-up studies on these two genesmay re-
veal new roles of hippocampal astrocytes in TLE. Together, our current
gene profiling study demonstrates the effectiveness of identifying
in vivo astrocyte targets/pathways involved in TLE by using TRAP ap-
proach. Given the widespread involvement of astrocytes in many neu-
rological diseases/disorders, TRAP-based investigation of in vivo
molecular changes in astrocytes will likely reveal new clues about
how astrocytes are mechanistically involved in neurological diseases/
disorders.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.nbd.2016.03.024.
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